ability, nail anomaly, and a cleft palate/lip [Aten et al., 2009; Spielmann et al., 2016] .
Split-hand/foot malformation-1 (SHFM1) is caused by chromosomal aberrations such as deletions, inversions, translocations, and duplications in a region in chromosome 7q21 encompassing the genes DLX5 , DLX6 and exonic enhancers of DYNC1I1 [Wieland et al., 2004; van Silfhout et al., 2009; Velinov et al., 2012; Delgado and Velinov, 2015] . Intragenic mutations in the DLX5 gene have been reported in families segregating SHFM in autosomal dominant fashion. A homozygous mutation in the DLX5 gene was found causing SHFM1 associated with hearing loss and segregating in an autosomal recessive pattern in a family of Turkish origin [Shamseldin et al., 2012] . Recently, we reported a 4-bp duplication in the DLX5 gene causing SHFM1, segregating in an autosomal dominant manner in a family of Pakistani origin [Ullah et al., 2016] . Both DLX5 and DLX6 genes are members of the DLX gene family showing expression in the head and limbs of the developing embryo. Robledo et al. [2002] described the role of the DLX genes in craniofacial, limb and bone development.
Materials and Methods

Blood Sampling and DNA Extraction
A family segregating SHFM1 in autosomal dominant manner was examined from the Punjab province of Pakistan. Information provided by the father of the proband (III-3) validated that his wife was not among his blood relatives. In the family pedigree, the affected mother (II-2) has an affected son, suggesting an autosomal dominant pattern of inheritance of the disease ( Fig. 1 a) . Peripheral blood samples were collected from the proband (III-3) and 6 unaffected members of the family. DNA was extracted from blood samples using the standard protocol of Sigma-Aldrich GenElute Blood Genomic DNA Kit (St. Louis, MO, USA).
Karyotype Analysis
Karyotype analysis was performed on peripheral blood lymphocytes collected from the proband (III-3) using G-banding technique. Phytohemagglutinin-stimulated culture was established and harvested after 72 h according to international standard protocols. Twenty metaphases were analyzed after Giemsa trypsin banding.
PCR and Sanger Sequencing
All coding exons and flanking intronic sequences of DLX5 , DLX6, TP63 , WNT10B as well as exon 15 and 17 of DYNC1I1 genes were PCR amplified using gene-specific primers, (PRIMER 3 software; http://frodo.wi.mit.edu/ primer3). Primer sequences for PCR-amplification of the WNT10B gene were the same as reported previously [Khan et al., 2012] . These sequences are available upon request. The primers were checked for specificity using the basic local alignment search tool (BLAST; http://www.ncbi.nlm.
nih.gov/blast). In silico PCR for these primers was performed using In-silico PCR tool (http://genome.ucsc.edu/cgi-bin/hgPcr). PCR was carried out in 25 μL reaction volumes containing 40 ng genomic DNA, 20 pmol of each primer, 200 m M of each deoxynucleoside triphosphate, 2.5 μL reaction buffer (MBI Fermentas, Life Sciences, York, UK), and 1 unit Taq DNA polymerase (MBI Fermentas). The standard thermal cycle conditions, as described earlier [Ullah et al., 2015] , were used to perform PCR reactions.
PCR products were detected by agarose gel electrophoresis and purified with a commercially available kit (AXYGEN, Union City, CA, USA). DNA sequencing was performed on ABI Prism 310 Genetic Analyzer (Applera, Foster City, CA, USA) using the Big Dye Terminator v3.1 Cycle Sequencing Kit. Sequence variants were identified using BIOEDIT sequence alignment editor version 6.0.7 (Ibis Biosciences, Carlsbad, CA, USA; http://www.mbio. ncsu.edu/BioEdit/bioedit.html). The pathogenicity score for the identified variant was calculated using mutation Taster (http:// www.mutationtaster.org/), Polymorphism Phenotyping V2 (PolyPhen-2; http://genetics.bwh.harvard.edu/pph2/) and Sorting Intolerant from Tolerant (SIFT; http://sift.bii.a-star.edu.sg/).
Results
In the present family, the mother with SHFM has an affected son, genuinely validating transmission of the disorder in an autosomal dominant pattern. The proband (III-3) was 21 years old showing classical features of SHFM. He has aplasia of phalanges in his hands and has only 2 digits on the right hand which are turned towards the palms at the metacarpophalangeal joints with aplasia of carpals and metacarpals of the remaining digits showing a classical central ray defect. His left hand has agenesis of preaxial components. The first 3 digits and 2 corresponding carpals in the left hand are absent. Additional clinical features observed included short radius/ulna, nail clubbing of the right hand, anonychia of the second finger on the left hand, synophrys, and dental crowding ( Fig. 1 b-i) .
Radiographic analysis showed aplasia of 3 metacarpals and phalanges in the right hand, aplasia of preaxial 3 digits and 2 metacarpals in the left hand, and short radius/ ulna ( Fig. 1 d, e, h, i) . The proband's feet were normal.
Anomalies such as dysmorphic facial features, hearing loss, and intellectual disability were not observed in the affected son. The proband's deceased mother had similar phenotypes as observed in our case. The unaffected members of the family were healthy.
Cytogenetic analysis of the patient (III-3) revealed an apparently normal male karyotype of 46,XY after Gbanding. Therefore, no gross structural/numerical chromosomal abnormality was detected.
Mutation Screening
Five genes ( DLX5 , DLX6, and exons 15 and 17 of DYN-C1I1 , TP63 , WNT10B ), known for causing SHFM, were sequenced in the DNA of the proband (III-3). The analysis revealed a heterozygous sequence variant (c.632T>A) in exon 3 of the DLX6 gene mapped on chromosome 7q21.2q21.3 ( Fig. 1 j, Discussion SHFM is a rare limb developmental disorder involving central rays of autopods and is inherited in an autosomal dominant, recessive, and X-linked pattern. The proband, segregating SHFM1 in an autosomal dominant fashion, presented phenotypes restricted to the upper limbs with a bilateral cleft of the hands. His feet were apparently normal. Hypoplasia of radius and ulna, nail clubbing of the right hand, anonychia of the second finger on the left hand, crowding teeth, and synophrys were observed. Klopocki et al. [2012] reported phenotypes with aplasia/hypoplasia of radius and ulna, and microdontia in individuals affected with SHFM due to the duplication of 17p13.3. Shamseldin et al. [2012] reported a Yemeni family segregating SHFM1 due to a missense mutation in DLX5 . In addition to the SHFM1 phenotype, the 6-year-old girl showed other features including hearing impairment, synophrys, low anterior hair line, circumferential nails, deformed legs and feet, restriction of joint flexion at all the metacarpophalangeal and interphalangeal joints, mild scoliosis, and malposition of left tibia and fibula. The second affected individual in the same family was a 4-year-old girl who revealed associated features including hearing loss, frontal bossing, and a high frontal hair line.
Certain features including hearing loss, frontal bossing, scoliosis, and intellectual disability were not observed in our family.
Sequence analysis of the DLX6 gene in our proband (III-3) revealed a novel heterozygous mutation (p.Val211Glu). Previously, chromosomal aberrations including deletions, duplications, translocations, and inversions in 7q21.2q21.3 encompassing DLX5 , DLX6 , and DYNC1I1 have been reported in families segregating SHFM1 in an autosomal dominant pattern. Three intragenic heterozygous mutations (p.Gln186His, p.Glu39 * , and p.Ala163-Profs * 55) in the DLX5 gene causing the autosomal dominant form of SHFM1 [Sowińska-Seidler et al., 2014; Wang et al., 2014; Ullah et al., 2016] and a homozygous missense variant (p.Gln178Pro) in the same gene causing the autosomal recessive form of SHFM1 have been reported [Shamseldin et al., 2012] ( Table 1 , 2 ) . Lango et al. [2014] reported that disruption of exon 15 and 17 of the DYNC1I1 gene, enhancers of DLX5/6 , caused the autosomal dominant form of SHFM1 in humans .
The DLX6 gene encodes a homeobox protein DLX-6 and maps next to its paralog DLX5 in chromosome 7q21. As a transcription factor, it functions in osteoblast differentiation, induction of bone formation, and in the development of neural crest cells and branchial arch.
During limb patterning along the 3 axes (proximodistal, anterior-posterior, and dorsoventral), proximal/ distal growth and digit extension are controlled by the apical ectodermal ridge by producing proteins of the fibroblast growth factor family [Lu and Werb, 2008; Mariani et al., 2008] . Anterior-posterior patterning is controlled by the zone of polarizing activity that secretes the [Parr and McMahon, 1995; Vogel et al., 1995; Loomis et al., 1996; Niswander, 2002] . Dlx and Msx homeobox transcription factors are expressed in the apical ectodermal ridge and play an important morphogenetic role in proximal/distal limb development. Single knockout of Dlx5 , Dlx6 , Msx1 , and Msx2 did not show any limb abnormality [Merlo et al., 2002; Satokata et al., 2000] . Double knock out of Dlx5/6 in mice resulted in phenotypes similar to human SHFM1 [Merlo et al., 2002; Robledo et al., 2002] . Double inactivation of Msx1 and Msx2 in mice caused polydactyly in the forelimbs and oligodactyly in the hindlimbs [Lallemand et al., 2005; Bensoussan-Trigano et al., 2011] . Triple knockout mice involving Msx1 , Dlx5 , and Dlx6 developed phenotypes similar to those of Msx1 and Msx2 double knockout mice, while phenotypes of Msx2 , Dlx5 , and Dlx6 triple knockout mice were similar to Dlx5/6 double knockout mice. These experiments showed that Dlx5/6 control the expression of Msx2 [Lallemand et al., 2005; Vieux-Rochas et al., 2013] . Loss of DLX5 and DLX6 causes degeneration of the apical ectodermal ridge, resulting in the phenotypes of SHFM1 [Robledo et al., 2002 ].
In conclusion, we have reported the first intragenic mutation in the DLX6 gene in a family segregating SHFM1 in an autosomal dominant pattern. In silico analysis predicts the heterozygous missense mutation (p.Val211Glu) in DLX6 is most likely the cause for SHFM phenotypes in the present family. However, due to the nonavailability of DNA of the proband's mother, further characterization of the missense mutation to validate its pathogenicity was not possible.
